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Shannon descnbed an exper1ment in wfuch %wo computens
played against each other in a coin matchiﬁg game .One com-
puter attempted to match a number generated by another com-
puter which’ tried to unmatch.: In this lab, 'the thought occurred
to Dr. R. J. Slutz that we could attempt a similar experiment.
Consequently, he prepared a routine to occupy SEAC's acoustic
memory, and R, A. Kirsch prepared a routine to’ occupy the
electrostatic memory. The nature of the two routmes was
entirely unknown to the opposing programmers. . It was hoped
that by playmg the. game at computer speeds and by allowing
the computer to tabulate the score, a:good indxcahon of which

: - routine was supenor could be obtained: since a’ great many
trials ¢ould be made. In this report, a descnptlon will be
given ‘of the routine prepared by R, Kirsch and of later experi-

. ments with that routine playing against spec’1a11y arranged

opponent ‘routmes. .

One approach to this problem could be to fit this situation
to a model usually treated in the mathematical theory of games.
This approach was not used. Instead, an attempt was made to
devise what seemed like a model of the way in which an ainmal
learns. Then this "ammal model" was uged.to-play-the" e
matching problem.

;
i
i

Evidently, ‘the model has to have some learning mechamsm‘ “
which responds to stimulii of different types. The stimulii are
defined in the following manne#; At'each "matching of the coin",
two binary numbers are generated, one corresponding to the
opponent's move and one correspondmg to the animal model's
attempted guess at what the opponent's move is. The game
might then look something like this: '



Opponent's
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The stimulus that the animal reacts to at any time is defined
to be the group of 4 pairs of moves immediately past., Thus
there are eight binary digits specifying the stimulus at any

time. In the example above, the number 01111000 designates

the stimulus, of which there could thus be 256 different types.

The learning mechanism consists.of the animal becoming
conditioned tp a certain opponent's move following each stimulus,
The animal model notes, . for each stimulus,.what move the
opponent next makes., Then, the next tir,ne'tha,t,same stimulus
occurs, the animal duplicates the move of the:opponent that
followed the same stimmulus, previously, The more the opponent
repeats thesame move after any given stimulus, the more the
animal model becomes "conditioned” to that move.

The conditioning mechanism is exponential in nature, In

each of 256 cells corresponding to .the 256 different possible
- stimulii,. a number is stored which varies:hetween +1 and -1.

Whenever the opponent plays-a-l,. the number in the appropriate
cell is increased by some fixed fraction of the difference be-
tween its previous value and +1; Thus if the opponent always
follows a particular stimulus with.a 1, the conditioning number
will behave as in the figure in the region from A to B,
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If the opponent should suddenly start playing zero's the number
will go from B to C as shown in the figure. Part of the input
data for the routine consists of a 'time constant' for this ex-
ponential function; 'i. e;;, .a parameter, which determines how
many identical repetitions of the same opponent move after a
given stimulue will make the conditioning number reach 63%
of its final valwe..7,". . .. e e ot
This expon{entxal conchtmmng or learmng functxon has

haractendt;cs sirmilar to.those of an am.mal At the be-
learning than after many repetxtxons of that move. “Also, when
a stimulus‘is: suddenly.followed by a. different opponent's
responsé 'from that-which the opponent hq.d been making in the
past, the ¢onditioning number, like an animal's conditxomng,
becomes rapidly: reversed.at first, and more slowly later.

It is:assuméd that in the game situation, the opponent will,
from-tinmie 1o time,::change his strategy. . Thxg md1cates that
it would perhaps be of use to have a decon;:htmnmg or forgetting
mechanism. Accordingly, provision is made, in the routine,
for: perxodxcally deconditioning all conditjoning , numbers toward
0 by a fraction of their magnitudes, The p.nal,ogy to an animal,
here, is ifi the case when the amimal has. become eondxt:oned to

“a’¢eftain second stimulus and suddenly the uutmtmg stimulus is .

.....

nb longer applled A_fter a long enough Bertqd. he "forgets" the

i .
One fmal charactm 1st1c of this ammal learnmg model must

‘be meéntioned,  the mechanism whereby it hnally determines the

move to make. - At each point in the game, the routine "knows"
what the past 4 pairs of moves are and what the conditioning
number corresponding to this stimulus is, A random number

. which ranges-from +1 to -1 is then generated. This random

number is compared with the conditioning number, If the
random number is algebraically less than the conditioning
number, the routine plays a 1, otherwise it plays a zero, This
was originally inserted in the routine to prevent a simple

-analysis on the part of the: opponent from dtscovering the
"gtrategy'. However, its unportance became more evident in
‘later experxments, . :



The first actual game played between the two coin-
matching routines was run on SEAC on January 18, 1954,
As a statistical test of significance oi the results, it'was
agreed to stop the game after 10, 000 trials had been run

- and to mspect the score. From mforma.txon received from
‘the statistical Engineering Laboratory at the Bureau, it

-was learned that the following statistxcal test could be ap-
~phed to the resultsz :

If 10, ‘000 trials are made, and if at the end of that
time one routine is ahead of the other by 196 wins, -then
there is at least a 2% bias in favor of the winning routine
and the confidence level for that estimate is 98%,

After 10,000 trials were run, the difference in scores
was 186, so it was considered not significant enough to make
generalizations from this score.

In addition to the games played between the two coin-
 matching routines, several games were played between the
machine and human opponents. In these cases, the stimulii
were allowed to assume only from 4 to 32 different values
depending upon the opponent rather than 256 as when playing
against an automatic routine. The results were not always

. significant largely because it was not possible to play long
+ -enough games. Nevertheless, the machine's opponents did
express. surpnse 3t the.way the machine appeared to "learn"
what the:r strategxea ,were in many cases...:‘_,,;;,a_
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The most mierestmg ga,mes. howe\“rer were those in
which a special opponent routine was wntten it _play agamst
the ammal model-.learmng routme. A .

In one game the opponent“ was a routme whlch p]:ayed-.the
- inverse of the am.mal model's- previous move 25% of the time
and the’ remainm 75% of .the titme played randomly. The: -

: ammal"s conditionmgsxpoﬁential was’ ad)usted to have a-time
-'constant of 4 moves, .andithe talI‘yuig routme wasg ingtructed
to- stoﬂ the game w,hen there:was a’ dxfference between scores
of 250 The fina.} scoxe was 2960 to‘ 2?10 m favq:;,pt the
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change was in the use of a d1fferent table or random numbers
by the opponent the ammal model again won decisively, 3517
to 3267. In the next gane two chénges were made, The
opponent routine again played the inverse of the animal's
previous move, but only 10% of the time.” The remaining 90%
of the opponent's moves were random. The conditioning ex-

~ ponential t1me constant ‘was also changed to 30 moves. This

game was agam won by the ammal, but after a much longer
time since 1ts learnmg was slower and 1ts opponent more
caprxcxous., The final score here was 23 131 to 22,881. A
post-mortem ana1y51s of the condztmnmg rnumbers showed
that none of therh was as large as 25% of thetr maximum
val&eﬁ when' the game finished, If this’ game had progressed
farther, the ammal's learmng would have mcreased

The mam mformatfon vined from the above experiments
was a measure of the relatlonsﬁ‘ip between’ randomness in the
opponent, rate of learmng of the ammaﬁ Md length of game.
In the’ experzrnents that iollowed an attemﬁt was rrade to
determine the relatzonshlps between complexlty on the part
of the opponent and complexlty in' the animalis 'learmng
mechanism, msofar as they affect the ab111ty of ‘the animal
to "crack" the opponent's code. Thé phys;cal situation that
was s1mulated here was oné of an’ animal adaptmg {0 an
envxronment. It must be assumed that' the enmronment is
not capricmus although it may be’ cdnstderably more complex
than the animal To simulate’ th:s s1tuat1on, the opponent
must, play a ftxed strategy
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Smce the opponent's sttateay is ‘fixed, the need for the
forgetting mechanism described abové is no longer présent.
This mechamsm was therefore dtsconnected in the animal
routme.

The fmal feature of the animal learning Foutine that is

'.e hzghly s1gn1f1cant in, playmg against an ‘environment that is

complex but fxxed is the combmat;on of randomneSS and
select1v1ty. ‘When the animal finds that a pafticular stimulus

.., implies no large conditioning number it plays some random
.. . move, If this move generally leads to a fa11ure it remembers
that; 1t' it Ieads 'to neither failures nor ‘successes it continues

s



to play randomly, and most u'nportant, when it fmds a
successful move, it plays that move-in proportion to its
..success. The analogy to the evolitionary mechanism
in specxes “of random mutatxons and natural selection is
fairly obvxous. R

L A very mterestmg game was. played on June 3, 1954,
to test thls new mterpreta.tmn of the animal-learning model.
. An opponent routme was written which would always dupli-

_cate the anxmal's move of 10 plays back. Since the animal's

gtimulii Were qnly defined by the past 4 plays the important
question became- MCan the animal adapt to a strategy or
envuohment ‘which is in a sense more’ complex than the

" animal's learning or adaptatmn mechanism?" The condition -
. ing time constant was set at 2 moves; The deconditioning

' :.or foréettmg mechamsm wag disconnected, and the game was

et to stop when one "gide" was ahead by 1000 wins. During
the first 45, 5@9 moves; the animal was losing by amounts
that were insignificant, the largest at any of the printout
points being 27€ (after about 30, 000 moves). However, some-
where between the 45,500th move and the 46, 000th move the
animal suddenly seemed to "catch on" and thereafter won
every single move, What actually happened was that in in the

- absence of any significant learning the animal kept playing
random moves until finally it played a string of more than

10 identical moves, Since the environment was duplicating
the move of the animal 10 plays back, the environment began
duplicating its own moves, The animal,look‘ix_x_g_ at the past

4 moves and detecting a successful strategy continued to
play the same move and to become mcreasmgly successful
until it won all the remaining moves,

In this particular case there was a single strategy whlch
the animal:could not determine through analysis of.the en-
vironment but wh1ch it did "discover" through playmg randomly,
Other envxronmo.nts against Wthh the anirnal was. matched did
not have such’ clear cut "solutmns" but in several ofthem the
ammal showcd a decxded ab11ity to .adapt’ successfully.

ther expenments were performed in which an attempt was
made to insure that once a successful adaptatmn had been

-6 -




- discovered,. it Wwould not be lost through zan&am variations,
g -,\but ne dhgna&we revaalgs ware e)btameeh :
The last expermnent that wzll be de&embed here is one
in whmh a fairly $imple environment was created which did
not possess the ability to analyze the animal's strategy, but
which nevertheless deécisively beat the ahimal despite (and
in fact bedause of) the animal's attempts at.adaptation. To
understand the charagteristics of thi® envirofment, consider
- the following repeating dequence of binary digits:

- R

©L. . Wi, 01011100 01Q13100 - ..,
ttas e 12345678 12345678 . ..
, Paoohedy 00 0 B

. Note: that the! firgt 2-binary digit combination to eceur is 01

-and it is immedidtely f6llowed by a 0 in pedition 3.+ The next

.. titwe that samme paiit’ of digits occurs is in positions 3 and 4

- of cydle A but thistime it ig followed by a-l (in:pesitjon 5).
In fact this sequence of binary digits has the property than
: evexy combipation of twio binary:-digits oeeurs and.idg first

- -followed'fir*st by one bimary digit and the next time it occurs
it is followed by the opposite binary digit. All such three
binary digit combinations occur once before any one recurs,

A method was devised for generating such a sequence for any
length of binary digit combinations. Then using such a sequence
consisting of all 5-binary digits combinations (a sequence of
27 or 32 bits length), the animal was set to adapt to this
environment, but the animal was only capable of looking at

the last 4 moves of the environment, Naturally, each time

the animal attempted to duplicate the enviromment!s response
that last followed the given stimulus, the animal played the

. wrong move, The final score was 3508 to 3758 with the animal :
losing decisively!

A great deal of speculation can be indulged in here as to
whether this last situation involves what may seem like a
neurotic adaptation by the animal, Actually, most of the
‘analogies that have been drawn in this discussion are highly
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speculative in nature., Any rigor in the approach to a descrip-
tion of animal learning is, if anything, conspicuous by its
absence., However, if this speculation can induce some
further speculation which can be shown empirically to have
validity, it will have accomplished. its purpose.

-~ “One final word may be mientioned here in regard to a
possible interesting. demonstration using the model described
“~here; Suppose that a manual opponent decides upon a simple
strategy with only a small random element in it. Let this
opponent play against the computer until each one oi the stimulii
to which the learning model responds will have occurred several
times, - There will then be stimulii of two types: those for which
there is a conditioning number whose magnitude is large, and
those for which it is small. However, the former can be con-
sidered to be elementary products which appear in the dis-
junctive normal canonical form of the logical function which
describes the opponent's strategy. The latter type correspond
to terms that do not appear. By techniques of the type described
by Ledley in N, B.S. Report No. 3363, a simple logical ex-
pression can then be obtained which describes the opponent's
strategy. In this manner, the computer cannot only be made to
discover a way to beat a simple opponent, but it can also tell
that opponent the logical formula for the strategy heis using!




